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Abstract
We present a joint theory-experiment study on the transmission/absorption saturation after ultrafast pulse
excitation in graphene. We reveal an unconventional double-bended saturation behavior: Both bendings
separately follow the standard saturation model exhibiting two saturation fluences, however, the corre-
sponding fluences differ by three orders of magnitude and have different physical origin. Our results reveal
that this new and unexpected behavior can be ascribed to an interplay between fluence- and time-dependent
many-particle scattering processes and phase-space filling effects.
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Saturation of light absorption is a long known central phenomenon in nonlinear optics. It results
from the fermionic character of optically driven electrons exhibiting Pauli-blocking in the excited
states. As a results, the probability to increase the electron occupation in the excited state due to
light absorption is reduced resulting in enhanced, finally saturated optical transmission/absorption.
The simplest and frequently used two-level saturable absorber model is described by the equation
[1–3]
T (I) ∝ 2ρc(I) = I/Is
1 + I/Is
, (1)
where T (I) is the transmission and ρc(I) is the stationary occupation in the upper (conduction)
level excited from the lower (valence) level due to a continuous wave excitation with the intensity
I . The saturation intensity Is is determined by Is/I = γΓ/4Ω2 with the Rabi-frequency Ω (∝√
I) and a constant recombination Γ and dephasing rate γ. Obviously, Eq. (1) accounts for the
basic interplay of excitation strength, recombination, and Pauli principle. The latter governs the
high intensity regime, where an increase of carrier occupation to 0.5 results in optically induced
transparency (T (I) → 1), cf. Fig. 1(a). In the low intensity regime where Pauli-blocking is
negligible, the transmission is proportional to the intensity and the slope is given by the intrinsic
time scales γ−1 and Γ−1 of the two-level system T (I) ∝ I/γΓ, cf. Fig. 1(b).
In a strict sense, Eq. (1) can only be applied for two-level systems and continuous wave ex-
citations. Therefore, for solid state absorbers with many electronic degrees of freedom and for
ultrashort pulses produced by mode-locked solid state lasers, the described scenario can only be of
limited value. For both reasons, there are fundamental differences of ultrafast solid state absorp-
tion compared to the simplest saturation model described in Eq. (1): First, for pulsed excitations,
transmission depends on time and, therefore, the maximal transmission (∝ ρc,max) at a specific
time during an applied pulse is used to characterize of the saturation behavior. For instance, in
several recent papers, this has been done recently for graphene [4–9]. Second, the non-trivial elec-
tronic band structure ελk of the saturable absorber makes the decay channels more complex, where
carrier-carrier and carrier-phonon-induced in- and out-scattering for electronic states k plays a cru-
cial role rather than radiative recombination. Therefore, the electronic state occupation ρc,maxk at
the energy of the optical excitation is used to study the transmission. In particular, many-particle-
induced scattering channels sensitively depend on the filling of the surrounding phase space that
is driven by the intensity of the excitation pulse [10, 11].
In this Letter, we describe a new and surprising saturation regime in graphene that is beyond
the standard, Pauli-blocking based saturable absorber model: a double-bended transmission sat-
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uration, which is observed in both, our microscopic theory as well as our high-resolution pump-
probe experiments. A first illustration of our results are shown in Fig. 1(c-f). We find that the
Pauli-blocking saturation is valid in a strong excitation regime and can be fitted by the standard
model [Eq. (1)], cf. Fig. 1(c) and (e) for theory and experiment, respectively. For low fluences,
however, where the standard model would predict a linear behavior as shown in Fig. 1(b), we
find a clearly sub-linear relation between pump fluence and transmission, cf. Fig. 1(d) and (f).
Again, the curvature follows saturation-like bending, but the corresponding saturation fluence lies
three orders of magnitude lower than in the high fluence regime of Pauli-blocking. Note that this
saturation-like behavior at low fluences is remarkable, since Pauli-blocking, which is responsible
for the bending in the standard model, is negligible in this regime that is characterized by carrier
occupations in the range of ρk below 10−2. Our calculations reveal that this unconventional sat-
uration behavior results from the time- and intensity-dependent interplay of many-body electron
scattering (in particular, Coulomb-induced out-scattering processes) and is therefore expected to
be universal for solid-state saturable absorbers.
Before we analyze the double-bended saturation and its microscopic origin more in detail, we
discuss our theoretical and experimental methods. The theoretical approach is based on the density
matrix formalism combined with tight-binding wave functions [10–12]. To accurately model the
dynamics of optically excited carriers, we account for the light-carrier interaction as well as carrier-
carrier and carrier-phonon scattering on a consistent microscopic footing by solving the many-
electron graphene Bloch-equations. They constitute a coupled set of differential equations for (i)
the occupation probability ρλk in the state k in the conduction and the valence band (λ = c, v),
(ii) the microscopic two band polarization pk, and (iii) the phonon occupation njq (not explicitly
shown) with the momentum q for different optical and acoustic phonon modes j [11–14]:
ρ˙ck = 2ℑ [Ω∗kpk] + Γink [1− ρck]− Γoutk ρck,
p˙k = [i∆ωk − γk] pk − iΩk [ρck − ρvk] + Uk,
(2)
with the transition ∆ωk = (εck − εvk)/h¯ and Rabi frequency Ωk = i e0m0Mk ·A(t), where e0 (m0)
is the free electron charge (mass), Mk the carrier-light coupling strength, and A(t) is the exciting
vector potential. The in- and out-scattering rates Γink,λ(t) and Γoutk,λ(t) of the level occupation ρk
contain contributions from the carrier-carrier as well as carrier-phonon interaction and depend
explicitly on time and momentum, i.e. implicitly on the applied pump fluence. The total dephasing
contains non-diagonal Uk and diagonal dephasing γk which reads for symmetric conduction and
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valence bands γk(t) = Γink (t) + Γoutk (t). More details on these equations can be found in Ref.
11. In the following we consider pulsed excitations and probes at 1.5 eV where the initial thermal
carrier occupation can be neglected, so that the saturation of differential transmission ∆Tmax/T0 is
proportional to the maximal occupation ρc,maxk in the excited state. We briefly note that compared
to a previous study, where we have shown that for ultrashort excitation pulses with a duration
of just 10 fs, the saturation behavior of graphene follows the standard model [Eq. (1)] over 8
orders of magnitude in excitation strength [15], we increase here the excitation pulse duration to
approximately 30 fs [16]. Using these parameters, we focus in this work on the most interesting
regime where the internal time scales 1/Γink and 1/Γoutk are in the same order of magnitude as the
pulse duration σ.
The experiments were performed on multilayer epitaxial graphene (∼50 layers) [17] with two
laser systems operating at 1.55 eV, namely a oscillator and an amplifier for the low and high
fluence range, respectively. The oscillator (amplifier) delivered nJ (µJ) pulses of 30 fs (40 fs)
duration. In all experiments the polarization of pump and probe beam was parallel. The maximum
of the differential transmission as a function of delay between pump and probe beam was extracted
for each fluence (cf. Fig. 1(e) and (f)).
Now we turn to the microscopic explanation of the double-bended absorption saturation ob-
served in Fig. 1(c-f) and discuss its many-particle-induced origin as well as the resulting impli-
cations for saturation experiments. To get the basic physical picture of the elementary processes
we restrict our analytical analysis in good approximation to the diagonal dephasing and derive the
counterpart of Eq. (1) for the solid state two band model based on Eq. (2). Similar as for the
derivation of Eq. (1), we apply a parametric time dependence of ρk(t) and pk(t) by solving the
graphene Bloch equations quasi-stationary (ρ˙k ≈ 0, p˙k ≈ 0) yielding
T (I) ∝ 2ρck(t) =
I(t)/Ik(t)
1 + I(t)/Ik(t)
+ 2
Γink (t)/γk(t)
1 + I(t)/Ik(t)
, (3)
with the time-dependent pulse intensity I(t) and also the formal counterpart of the saturation
intensity, denoted with Ik(t). Their ratio reads Ik(t)/I(t) = γ2k(t)/4Ω(t)2. Provided that the full
time dependence of the decay channels Γink (t), Γoutk (t), and γk(t) = Γink (t)+Γoutk (t) is considered,
the quasi-stationary solution from Eq. (3) exhibits excellent agreement with the numerical solution
of the graphene Bloch Eqs. (2), including the saturation behavior, cf. Fig. 2 illustrating the
saturation according to Eq. (3) and to the full numerical solution (red and blue triangles).
Note that the first term in Eq. (3) has the same structure as the standard absorption model (γΓ→
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γ2k) given by Eq. (1) and constitutes a similar out-scattering contribution which just reduces the
occupation ρck. However, in a solid state absorber, the possibility of in-scattering Γink into optically
active electronic levels leads to a second many-body term that is determined by the ratio of Γink
to γk. Our calculation reveals that the in-scattering term is of crucial importance to reproduce
the saturation behavior of graphene correctly: this concerns the qualitative double bending and
the saturation intensities. The neglect of this many-body term, responsible for the in-scattering
of occupation into ρk, would lead only to a single saturation in the range of 3µJ/cm2 and at
low occupation, cf. green squares in Fig. 2 (also inset). That means that a standard saturation
model according to the first term in Eq. (3), i.e. without considering carrier in-scattering, would
fail rigorously, since the relevant regime of significant carrier populations (above 1mJ/cm2) and
optically induced transparency cannot be reached.
The next step to get a thorough microscopic understanding is to explain the specific saturation
behavior in a solid state continuum by means of the time- and fluence-dependent scattering rates
occurring in Eq. (3). In particular we have to distinguish between the first term due to conventional
saturation term similar to Eq. (1) (out-scattering contribution) derived from atomic systems, and
the second many-body driven contribution (∝ Γink , in-scattering contribution), typical for the solid
state electron system. Therefore, we discuss both terms, i.e. the in- and out-scattering contribution,
independently:
(i) out-scattering rate: This contribution is obviously necessary to explain the low fluence
regime (inset Fig. 2) where the out-scattering is the predominant process. Here, the occupation ρck
in the state k is well below 1, i.e. no significant Pauli-blocking-induced saturation occurs. Interest-
ingly this means that the standard model from Eq. (1) relying on Pauli-blocking completely fails
for the explanation of the saturation in the low excitation regime. Instead we have to find a different
origin for the low fluence saturation: Figure 3(a) shows the temporal evolution of the Coulomb-
and phonon-induced out-scattering rates (blue and green lines, respectively) during the excitation
pulse and for low pump fluences up to 20µJ/cm2. While the phonon-induced out-scattering is
small and roughly constant in time and independent of the fluence, the Coulomb-induced scatter-
ing rates strongly increase with both, time and fluence. Focusing on the low excitation limit, both
out-scattering rates can qualitatively be understood by assuming at low occupation and on a short
timescale, i.e. where Pauli-blocking is negligible, that the excited carriers directly follow the pump
pulse (ρ˙k ∝ I(t)), and that the phonon population is constant, i.e. acts as a bath. Within these
approximations, we find for the Coulomb-induced out-scattering rates, beside a constant offset Γ0,
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a dominating contribution that is proportional to F(t) = ∫ t
−∞
I(τ)dτ , where F(t) is the fraction
of the pump fluence until time t [18] , cf. red lines in Fig. 3(a). Consequently, the out-scattering in
the Bloch equations for ρck rises for increasing intensity faster than the contribution of the optical
drive (∝ I(t)) itself [19]. This interplay between an increase of carrier population due to linear
absorption and a more intensity-sensitive decreasing of the out-scattering results in the bending of
the maximal transmission in the low-fluence regime. Note that this bending does not correspond
to the regular Pauli-induced saturation behavior known and discussed in textbooks so far [1, 2],
in contrast it is a signature of Coulomb-induced carrier redistribution.
(ii) in-scattering rate: As shown in Fig. 2, the in-scattering dominated contribution (second
term in Eq. 3) is essential to understand the high intensity saturation, where Pauli-blocking is
dominant. The dynamics of the Coulomb-induced in-scattering rate is shown in Fig. 3(b) [20].
Applying the same approximations as above for the discussion of the out-scattering rates [19], we
find for the in-scattering rate Γin(cc)(t) = c1F(t)+c2F2(t) where c1 and c2 are fitting parameters, cf.
red lines in Fig. 3(b). Note that the in-scattering rate has a contribution which scales quadratically
with the fluence and, therefore, at sufficiently high fluences the second, in-scattering dominated,
term in Eq. (3) governs the saturation behavior. This again is in contrast to the interpretation of
the standard saturation modell from Eq. (1), which basically relies on out-scattering. Only the
efficient in-scattering into the excited state results in regular transmission saturation by means
of Pauli-blocking and induced transparency. Our estimation exhibits the fundamental scaling of
the scattering rates with the pump fluence, namely that out-scattering is maximal proportional to
pump fluence while the in-scattering rate has both, a linear and a quadratic scaling contribution.
Now, we can summarize our results from a microscopic point of view by distinguishing three
distinct intensity regimes, cf. Fig. 4(a): (i) Coulomb-driven carrier out-scattering dominates the
low-fluence regime resulting in the first transmission saturation bending, (ii) the Pauli-blocking
dominates the transmission saturation in the high-fluence regime resulting in the second saturation
bending, and (iii) the excitation regime inbetween where the impact of in-scattering overtakes
the out-scattering. In this intermediated excitation regime neither the low- nor the high-fluence
fit capture the numerical data. The three regimes are also recognizable regarding the time tmax
maximizing ρc,maxk (t) (with respect to the center of the excitation pulse [21]) as an indicator, cf.
Fig. 4(b). In the out-scattering dominated regime, tmax shifts to earlier times due to the faster
increasing out-scattering rate compared to the optical drive. Consequently, the time where out-
scattering overbalances the excitation shifts towards tmax ≈ 0 fs. As soon as in-scattering becomes
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significant the delay between pulse center and maximum rises again. In the Pauli-blocking regime
ρc,maxk (t) becomes maximal only if the excitation pulse is fully absorbed, i.e. tmax is constant.
In conclusion, based on a joint theory-experiment study, we have found a yet undiscovered
double-bended transmission saturation in graphene for optical pulse excitations having a duration
in the range of the predominant scattering channels. This unconventional behavior beyond the
standard saturable absorber model is explained by the universal structure of Coulomb-induced
many particle scattering processes, clarified via in- and out-scattering and their fundamental scal-
ing with the pump fluence. We identified a low intensity transmission saturation without Pauli-
blocking via the interplay of optical population and out-scattering-induced depopulation of elec-
tronic levels. Most importantly, we find that in solids, a sub-linear relation between the maximal
differential transmission and the pump fluence is not a sufficient criterion for an absorption satu-
ration by the means of fermionic Pauli-blocking.
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Figure 1. (a) Carrier occupation or transmission saturation according to Eq. (1) as a function of the con-
tinuous wave intensity I in units of the saturation fluence Is. The maximal transmission is limited by
Pauli-blocking. (b) Low-intensity regime of standard saturation model. The stationary transmission is ap-
proximately proportional to the intensity with a slope 1/Is ∝ 1/γΓ. (c) and (d) numerically evaluated
transmission saturation in terms of ρc,max
k
(red squares) in the high- and low-fluence regime, respectively.
The green line is the extrapolation of the high-fluence data with Eq. (1) yielding a saturation fluence of
F (h)s = 2mJ/cm2, cf. upper abscissa. Also in the low-fluence regime, shown in Fig. (d), the numer-
ical data can be extrapolated with Eq. (1) giving a three orders of magnitude lower saturation fluence
of F (l)s = 7.8µJ/cm2 (blue line). Saturation of differential transmission measured in the (e) high- and (f)
low-excitation regime. The saturation fluences (denoted by the vertical lines) are 10mJ/cm2 and 7µJ/cm2,
respectively, and differ by three orders of magnitude.
10
00.2
0.4
0.6
0.8
1.0
0 2 4 6 8
full numerics
stationary
0
0.02
0 0.01 0.02
low intensity regime
Figure 2. Saturation behavior according to the full numerical solution of the graphene Bloch equation (blue
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structure as the standard model and the corresponding saturation is depicted by the green squares showing
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Figure 3. (a) Time and fluence dependence of the (green) phonon- and (blue) Coulomb-induced out-
scattering rates. In good approximation Γout(cp) is independent on time and fluence. Before the center of
the excitation pulse, the out-scattering rate Γout(cc) is proportional to the time-dependent pump-fluence F(t)
with a constant offset Γ0, cf. red lines. The gray area denotes the time slot where the red lines are fitted. (b)
Time and fluence dependence of the Coulomb-induced in-scattering rates (blue lines). In a time range well
before the center of the excitation pulse, Γin(cc) can be fitted with ∝ c1F(t) + c2F2(t), cf. red lines.
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1(c) showing the numerically evaluated saturation behavior of ρc,maxk (red squares) and the corresponding
(blue line) low- and (green line) high-fluence fit according to Eq. (1). (b) Time delay between the center of
the excitation pulse and the time when ρmaxk (t) becomes maximal as a function of the pump fluence.
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